We conducted multi-epoch VLBA phase reference observations of LS I +61
INTRODUCTION

LS I +61
• 303 is an unusual high-mass x-ray binary (HMXB). It was discovered as a periodic radio source by Gregory & Taylor (1978) and later periodic variations in X-ray (Paredes et al. 1997; Eikenberry et al. 2001 ) and γ-ray (Albert et al. 2009 ) were observed. The origin of its γ-ray, X-ray, optical/infrared and radio emission has been debated for decades (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007; Massi et al. 2013) . The X-ray characteristics of LS I +61
• 303 fit those of accreting black holes at moderate luminosity (Massi et al. 2017 ) that would make this source along with MWC 656, the only systems where a black hole accretes from the wind of a Be companion star.
Kaufman Bernadó et al. (2002) suggested LS I +61
• 303 is a precessing microblazar, a kind of microquasars where precession periodically brings the approaching jet close to the line of sight and Doppler boosting its emission. Very Long Baseline Array (VLBA) astrometry in 2006 provided the first estimate of the precession period. In order to study the properties of the precessing jet, we conducted a second set of multi-epoch VLBA phase-reference observations in 2015. Section 2 summarizes previous radio observations of LS I +61
• 303 and the precessing scenario. We describe the new observations and data reduction in Section 3. In Section 4 we present a joint analysis of 2006 and 2015 VLBA datasets, which indicates a very stable precession of LS I +61
• 303 and allows us to determine an accurate precession period. In Section 5 we present our theoretical astrometry model. In Section 6, we discuss the measured 3-dimensional motion of LS I +61
• 303 . Section 7 presents our conclusions.
THE PRECESSING JET IN LS I +61
• 303
A Lomb-Scargle timing analysis of 36.8-yr radio observations confirmed previous discoveries (e.g., Massi et al. 2015) of two characteristic periods, P 1 = 26.496 ± 0.013 d and P 2 = 26.935 ± 0.013 d, in the emission from LS I +61
• 303 (see Fig. 1 ). The period P 1 corresponds to orbital periodicity (Gregory 2002) . Several authors (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007; Jaron et al. 2016) have shown that because of the high eccentricity (e = 0.7, Casares et al. (2005) ) there are two accretion peaks along the orbit of LS I +61
• 303 : one close to periastron and a second one shifted towards apastron. Near periastron the ejected relativistic particles encounter the strong stellar radiation field of the B0 star and suffer strong inverse-Compton (IC) losses and, thus, do not produce a radio outburst. However, for the second accretion peak near apastron, the IC losses are smaller and synchrotron emission in the radio band is observed (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007; Jaron et al. 2016) .
The second feature in the spectrum of Fig. 1 , at P 2 = 26.935 ± 0.013 d, was more challenging to understand. The simplest explanation is that the observed flux density from a relativistic jet (Mirabel & Rodríguez 1999) is the product of an intrinsically variable jet and Doppler boosting toward the observer: S observed = S intrinsic ( f (P 1 )) × DB, where DB is the Doppler boosting factor. Massi & Torricelli-Ciamponi (2014) suggested that the DB factor could be a function of P 2 .
The observations indeed support a variation of the jet angle. European VLBI Network (EVN), MERLIN and VLBA images show not only a jet at different position angles, but in addition the jet is sometimes double-sided (Massi et al. 2012 , and references therein, but see Dhawan et al. (2006) for interpretations with pulsar wind model). One-sided jet structures are seen in blazars, because of their small angle with respect to the line of sight, counter-jet emission is de-boosted below detection sensitivity. The switch in LS I +61
• 303 between a two-sided and a one-sided structure indicates that precession bringing the jet to small angles with respect to the line of sight. The radio images confirm therefore a variation of the angle between jet and line of sight and indicate that rather small jet to line-of-sight angles are reached. Information on periodicity came from 2006 astrometry (Dhawan et al. 2006) . Massi et al. (2012) showed as the peak of the images, associated with the jet core, described an ellipse path on the sky over 27-28 d, i.e., close to P 2 . In the following sections we present new observations and we compare the astrometry data from 2006 and 2015 with the predictions of a precessing jet model.
OBSERVATION AND DATA REDUCTION
We conducted 10-epochs of phase-referenced observations with the VLBA from 2015 July 24 to August 23, spanning one orbital cycle of the binary with roughly 3-d intervals. At each epoch observations spanned 4 hours. The angular separation between LS I +61
• 303 and the calibrator, J0244+6228, is 1.3
• . The antenna switch time, i.e., one phase-referencing cycle of the calibrator J0244+6228 and LS I +61
• 303 is 3 min. The total on-source times for LS I +61
• 303 , J0244+6228 and the astrometric check source, J0239+6005, were 2.0, 1.2 and 0.5 hours, respectively. The synthesized beams were 2.2×1.0 mas at a position angle of 0
• (East of North) for all epochs, except for epoch D for which the MK and NL antennas were unavailable and the synthesized beam was 2.4×1.0 mas at position angle of 51
• . We used identical frequency setups as were used for the 2006 VLBA observations: continuum emission at 8.4 GHz, was recorded with four adjacent dual circular polarization intermediate freqency (IF) bands of 16 MHz and correlated with 64 channels per IFs.
The 2006 and 2015 datasets were calibrated using Astronomical Image Processing System (AIPS) 1 together with scripts written in ParselTongue, a python interface to AIPS and Obit (Kettenis et al. 2006) . We first corrected the data for residual delays from Earth orientation parameters (EOP) and ionosphere (TECOR); amplitudes were adjusted for digital sampling corrections (ACCOR), system temperatures and antenna gains; manual phase-calibration was applied to correct for delay offsets between sub-bands. After these procedures, the phase-reference source, J0244+6228, was imaged and self-calibrated using the procedure Muppet in DIFMAP (Pearson et al. 1994; Shepherd 1997) . Then the self-calibrated J0244+6228 images of individual epochs were read back into AIPS and served as a model to calibrate delay, rate and phase with FRING. The structure of J0244+6228 appeared stable throughout both the 2006 and 2015 sessions. The self-calibration solutions were then interpolated to the LS I +61
• 303 and J0239+6005 scans; the latter source was used as an astrometric check. Finally, phase-referenced images were produced by IMAGR. The peak positions of LS I +61
• 303 , which is neither Gaussian-like nor symmetric, were determined from the brightest pixels (of size 0.05 mas×0.05 mas) with IMSTAT by following the approach of Massi et al. (2012) .
In Figure 2 , we present the astrometry obtained for the check source J0239+6005 relative to the phase-reference source
Revisiting LS I+61
• 303 with VLBI astrometry 3 J0244+6228 from the 2015 VLBA observations. We used the AIPS task JMFIT to fit positions and the formal errors are ∼ 0.008 mas and ∼ 0.015 mas in R.A. and Dec. directions, respectively. The standard deviation of these positions are 0.05 mas in both R.A. and Dec directions 2 . Table 1 lists the jet-core positions of LS I +61
• 303 from the 2006 and 2015 sessions and the estimated orbital, precessing and long beating phases.
PRECESSION PERIOD
In Figure 3 , we show the phase reference images of LS I +61
• 303 in 2006 and 2015, with observation dates labeled. Changes of jet position angles can be clearly seen in both sessions. In most epochs, the jet appears one-sided; however, in epochs of 06JUL03, 06JUL24 and 15JUL24, there are two-side morphologies. This phenomenon can be explained by precession of the jet axis, as illustrated in Figure 7 of Massi & Torricelli-Ciamponi (2014) , especially when the angle between the line-of-sight and the jet axis is minimized and Doppler boosting is maximized.
The apparent motions of the jet core can be attribute to four components: (1) orbital motion of ≈ 0.2 mas, (2) jet precession of ≈ 2.5 mas, (3) proper motion of ≈ 4 mas in 9 years and (4) parallax changes of ≈ 0.2 mas. Orbital motion and precession at the jet core's position will be discussed in detail in Section 5. The apparent motion caused by the source's parallax can be well modeled since its distance of 2 kpc is known. In the left panel of Fig We then determine the precession period by aligning the phase of these two ellipses. The ellipse in polar coordinates can be denoted as
where the reference point is the elliptical center, the reference direction is the east direction, a, b and Θ are the long/short axes and the position angle of the long axis. The polar coordinates r and θ can be converted to the Cartesian coordinates x and y using trigonometric functions In Figure 5 , we present θ, x and y vary with time, where ∆t = In the left panel of Figure 5 , the dash line is an empirical relationship between ∆t and θ, that is a monotonic polynomial fitted using data of 2006 sessions.
Here we used an odd order polynomial (i.e., with diagonal symmetry rather than mirror symmetry for an even order). The 5th order polynomial was adopted, as it produced much smaller scatter than a 3rd order polymomial and a 7th order polynomial did not yield significant improvement. The dash lines in the middle and right panels then can be determined with equation (1)- (2). The best ∆T , can be estimated as the maximum of the probability density function (PDF), which is defined as
where,
are residuals (data minus model); σ was estimated from the post-fit residuals from
In Figure 6 , we show the PDF for ∆T , from which we estimate ∆T = 0.98±0.63 d. The PDF is calculated with a step of 0.1 d. The time interval between 2006-A and 2015-B is 3312.9174 d, take into account ∆T = 0.98 ± 0.63 d, the time interval between these two precessing cycles are 3311.9 ± 0.6 d. We can determine the precessing period, once the cycle number between these two periods is known. Meanwhile, if we assume the relation P long = P 1 ×P 2 /(P 2 -P 1 ) holds (e.g., Massi & Torricelli-Ciamponi 2016), then we can calculate P long , once P 1 and P 2 are given. In upper and lower panels of Figure 7 , we present P 2 and P long estimated via Monte Carlo simulations, assuming there are 122, 123 and 124 cycles over the time interval of 3311.9 ± 0.6 d. In Figure 7 , the red solid/dashed lines indicate P 2 = 26.935 ± 0.013 d , and P long = 1667 ± 8 d (Gregory 2002) . It can be seen that only 123 cycles can produce consistent P 2 and P long values. With the value of 123 cycles, we determined an accurate P 2 , P 2 = (3311.9 ± 0.6)/123 = 26.926 ± 0.005 d .
MODELING THE ASTROMETRY OF THE JET CORE
The emissions of LS I +61
• 303 from γ-rays, X-rays, optical/infrared, and radio wavelengths have been modeled by several authors (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007; Massi & Torricelli-Ciamponi 2014) in the context of accretion onto a compact object along an eccentric orbit. Observational evidence, especially from measurements of the radio spectral index (Massi & Kaufman Bernadó 2009 ) and a high energy double-peak light curve (Jaron et al. 2016 ) favors a microquasar rather than a pulsar wind origin (Dhawan et al. 2006 ). Massi & Torricelli-Ciamponi (2014) developed a model of a precessing conical jet which emits synchrotron radiation to explain the radio light curve. In this section, we integrate their radiation transfer model in order to simulate observations on the sky plane. For an optically thin jet, the maximum of the emission is at the jet base, while for an optically thick jet the maximum will be displaced down the jet where optical depth unity is achieved. The displacement of the observed radio peaks on the sky plane is due to the emitting plasma changing position owing to the orbital motion of the compact object around the primary star and to the jet precession. In this section, we first examine the two effects separately and then we derive the full jet motion as it appears on the sky. 
The orbital motion
In Massi & Torricelli-Ciamponi (2014) model, the base of the jet is anchored to the compact object and, hence, follows the compact object along its orbit; this path is drawn as a green ellipse in Fig. 8 . The orbit plane forms an angle ζ with respect to the plane perpendicular to the line-of-sight. The system of reference in the orbital plane is at the center of mass of the system i.e. the point O. The y axis is defined by the intersection of the orbital plane and the plane perpendicular to the line-of-sight, with the x axis perpendicular to the y axis at O. In this way a rotation of the system [x ,y ] around [y ] by an angle ζ defines the system of reference [x ,y ] in the plane perpendicular to the line-of-sight. In order to parameterize the orientation of the ellipse in the orbital plane we introduce the angle ω, which defines the ellipse rotation with respect to the Cartesian system [x ,y ] previously defined. See Fig. 8 for angle definitions.
The compact object moves at a distance ρ from the origin of coordinates. In the plane of motion, the vector radius can be expressed in terms of the ellipse semi-major axis, a, ellipse eccentricity, e, and the angle θ (which is zero when the vector radius points toward apastron) as
1 − e cos θ (7) The components of the vector radius in the [x , y ] orbital plane, for an ellipse rotation of an angle ω , are
1 − e cos(θ) (8)
In the plane perpendicular to the line-of-sight, owing to a rotation of an angle ζ around [y ], these components become
and, in the system of reference [x, y], x orbit = x cos w − y sin w (11)
where w =MAW =MOW in Fig. 8 is a free angle, to be determined by the fit (see Sec. 5.3).
The jet precession motion
We assume the jet geometry and properties as described in Massi & Torricelli-Ciamponi (2014) . In Fig. 9 the base of the jet is at point C. The jet base will be projected at a distance BF = BC sinη = x 0 sinη, where η is the angle the jet makes with the line-of-sight and x 0 (i.e., BC in Fig.9 ) is the position of the jet base. Hence, for a thin jet,the components of the emitting region with respect to the plane perpendicular to the line of sight are
where the angle δ can be derived from the spherical triangle ACG (see Fig.9 ) as
and the angle Ω, which changes because of precession, is defined as
The total motion: results
Since the jet is anchored to the accretion disk of the compact object, the generic coordinate of the jet emitting plasma with respect to the assumed center of coordinates of Fig.8 will be
where l specifies the position along the jet of the peak radio flux; For an optically thin jet l = 1, while for an optically thick jet l is the position of optical depth unity. The value of l needs to be computed at each orbital phase in order to derive the correct coordinates (x,y) of the radio emission. The resulting positions for the model astrometry are shown in Fig. 10 . We use a physical model, i.e., the number of relativistic electrons injected every period P 1 in a conical jet at a particular orbital phase, as found by Massi & Torricelli-Ciamponi (2014) , who fitted 6.7 yr of Green Bank Interferometer radio data. With astrometric position, we can now better constrain the geometrical parameters of the model; i.e., ψ, the jet angle to its precession axis and ξ, the jet opening angle. The angle ζ is set to 25 degrees, which is the measured angle of the rotation axis of the Be star (Nagae et al. 2006) , assuming the star spin axis is parallel to the orbital axis. The parameter w, that translates and rotates the trajectory in space without changing its shape is w = 230 degrees. The model for the astrometric data shown in Fig. 10 result in a jet angle to its precession axis of ψ = 21 degrees and a jet opening angle ξ = 6 degrees. We note that these two angles for LS I +61
• 303 are similar to those of the well-studied precessing jet system SS 433; SS 433 has a half precessing cone angle of 20 deg and a jet opening angle of 5 deg (Margon et al. 1979; Paragi et al. 1999) .
Since our physical model assumes a steady jet, any transient emission, e.g., observation E in 2006 (Massi et al. 2012) , cannot be used in the fits. For all other observations in 2006 the data and model overlap to within ±3σ. The same occurs for 2015, except for observation A. The model is able to reproduce the main feature of the observed ellipse, i.e. the non-uniform motion of the core with time, as seen in the middle panels of Fig. 10 . For the 2006 observations, which were taken regularly every 3-4 d, the jet base (large squares) follows a regular path. The positions of the core (at τ = 1) for A, H, I and G are displaced by the jet base and just overlap with the edge of their related squares. The same occurs in the 2016 session, where the predicted core positions for A, B, H, and I are offset from the observed peaks. As shown in the bottom panels of Fig. 10 , for these observations the angle between jet and the line of sight is small, below 21 degrees. Possibly the longer path of the radiation within the jet causes the higher optical depth (see . We ran 10000 trials to estimate the value and 1σ error of P 2 . Bottom panels : Histograms of P long estimated with relationship of P long = P 1 ×P 2 /(P 2 -P 1 ), by adopting P 1 = 26.496 ± 0.013 d , and P 2 values from top panel estimations. Red solid and dashed vertical lines in top and bottom panels denote values and 1σ errors of P 2 and P long estimated by and Gregory (2002) with Lomb-Sargle method, respectively. 
PROPER MOTION AND 3D MOTION
Our observations also provide an accurate proper motion for LS I +61
• 303 as is evident in Figure 4 . We find eastward and northward motions of µ α = −0.150 ± 0.006 mas yr −1 , µ δ = −0.264 ± 0.006 mas yr −1 , base on a time span of 3311 d be- Assuming a distance of 2.0 ± 0.3 kpc and V LS R = 41.4 ± 10 km s −1 (Aragona et al. 2009 ), we can estimate the full space velocity of the system. Adopting the distance to the Galactic center of 8.34 ± 0.16 kpc, a Persic et al. (1996) universal rotation curve with a circular rotation speed at the Sun of 240 ± 8 km s −1 , and solar motion components of U = 10.7 ± 1.8, V = 15.6 ± 6.8 km s −1 and W = 8.9 ± 0.9 km s −1 from Reid et al. (2014b) , we find peculiar (non-circular) of motion components for LS I +61
• 303 of U = 10.8 ± 8.8 km s −1 , V = −10.3 ± 5.9 km s −1 , W = 5.2 ± 0.4 km s −1 . This translates to a speed of only 16 km s −1 . Recent analysis of swi f t X-ray data suggest that LS I +61
• 303 is a black hole (Massi et al. 2017) . Theoretically, stellar mass black holes might be formed through different channels, i.e, with or without natal kicks and with or without supernovae (SN) explosion. For example, GRO J1655-40, is a runaway black hole system with a peculiar speed of 112 ± 18 km s −1 . It may be formed after an SN explosion created a neutron star, followed by fall-back of ejected envelope and a secondary collapse (Israelian et al. 1999; Mirabel et al. 2002; Mirabel & Rodrigues 2003) . Alternatively, the black hole may be formed directly with a large natal kick (Repetto et al. 2012) . In contrast, the peculiar motions of the well studied black hole X-ray binaries, Cygnus X-1 and GRS 1915+105, have been measured to be only ≈ 20 km s −1 (Reid et al. 2011 (Reid et al. , 2014a . Cygnus X-1 is believed to have been formed through direct collapse of a massive star (Fryer & Kalogera 2001; Mirabel & Rodrigues 2003) . The similarly low peculiar motion (16 km s −1 ) of LS I +61
• 303 measured here suggest that it may also contain a black hole formed through direct collapse of a massive star.
CONCLUSIONS
Using multi-epoch VLBA observations of LS I +61
• 303 in 2015, we were able to map the elliptical trajectory its radio emission. The agreement between these maps and those from previous observations in 2006 suggests that the radio jet is stable over the nine year interval. We then aligned the precessing phase and estimated the precession period to P 2 = 26.926 ± 0.005 d, with a physical model that takes into account orbital motion, jet precessing and radiative transfer. In addition, the long time span between observations allow us to determine an accurate proper motion and, then, the full space motion of LS I +61
• 303 . We find a small peculiar motion of 16 km s −1 for the system, which favors a black hole formation by direct collapse instead of a supernova explosion. 
